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INTERMITTENCY AND THE VISCOUS SUPERLAYER 

IN A SINGLE STREAM SHEAR LAYER

Time resolved velocity and vorticity measurements have been made in a high

Reynolds-number Single Stream Shear Layer (SSSL). This work was motivated by inter-

est in the Viscous Superlayer (VSL). The VSL is a thin interface region between vorti-

cal and non-vortical fluid. Processing algorithms were developed which allowed

vorticity information to be used to locate the flow at time t on either the “vortical” or

“non-vortical” side of the VSL. This information was used to create the time-resolved

intermittency function I(t) at a location in space. Post-processing of I(t) implies that the

scales characteristic of the VSL range from approximately  to , where  is the

momentum thickness of the shear layer. Velocity statistics conditioned upon the value

of I(t) were also obtained. These conditional statistics strongly imply that unsheared

fluid reaches the shear layer center from both the entrainment and primary streams.

Similar conditioning was used to compare vortical and non-vortical autocorrelations

and scales of motion near the high speed, irrotational flow domain These observations

reveal a significantly longer period of correlation in the non-vortical fluid. 

0.3θ 10θ θ



Table of Contents

1.0 Introduction..............................................................................................................6
1.1 Motivation ........................................................................................................................... 6

1.2 The Facility ......................................................................................................................... 6

1.3 Document Overview ........................................................................................................... 8

2.0 Experimental Setup and Procedure........................................................................12
2.1 The Facility ....................................................................................................................... 12

2.1.1 Primary Flow ...................................................................................................... 12

2.1.2 Entrainment Flow ............................................................................................... 13

2.2 Hot-wire Techniques and Processing ................................................................................ 14

2.2.1 Apparatus ............................................................................................................ 14

2.2.2 Calibration and Processing ................................................................................. 16

2.2.3 X-array Probe...................................................................................................... 17

2.2.4 The transverse vorticity probe ............................................................................ 19

3.0 Intermittency..........................................................................................................33
3.1 Introduction ....................................................................................................................... 33

3.2 Defining “vortical”: surrogate methods ............................................................................ 34

3.2.1 Townsend ............................................................................................................ 34

3.2.2 Wygnanski and Fiedler ....................................................................................... 36

3.2.3 Hedley and Keffer............................................................................................... 36

3.2.4 Activity Intermittency......................................................................................... 37

3.3 Defining vortical: detailed considerations......................................................................... 37

3.4 Comparison of Methods .................................................................................................... 40

4.0 VSL properties and conditional statistics ..............................................................48
4.1 Properties of the VSL........................................................................................................ 48

4.1.1 Description of the VSL ....................................................................................... 48

4.1.2 Condition Duration ............................................................................................. 48
1



4.1.3 Appearance of the VSL....................................................................................... 50

4.2 Conventional Statistics ...................................................................................................... 51

4.3 Conditional Statistics......................................................................................................... 53

4.3.1 Description and Definition.................................................................................. 53

4.3.2 Conditional Mean, Streamwise Component ....................................................... 54

4.3.3 Conditional Mean, Transverse Component ........................................................ 54

4.3.4 Conditional Standard Deviation, Streamwise and Transverse Velocity Components55

4.3.5 Conditional Skewness, Streamwise Velocity Component .................................. 57

4.3.6 Reynolds Stress................................................................................................... 58

4.4 Conditional Autocorrelation.............................................................................................. 60

4.5 Components of the Turbulence Kinetic Energy (TKE) Equation ..................................... 62

4.5.1 Dissipation .......................................................................................................... 62

4.5.2 Components of turbulent diffusion ..................................................................... 63

5.0 References..............................................................................................................88
2



List of Figures

General picture of a SSSL 9

The MSU/TSFL Single Stream Shear Layer (SSSL) 10

Integrand of shear layer momentum thickness expression with fitted curve. Data shown were taken at 
. 11

Self-similarity of mean velocity profile 11

Side view of primary blower and flow treatment 22

Contraction and leading edge of boundary layer 23

(a): Boundary layer profile at separation lip. (b): Integrand of  with the integrated smooth function su-
perimposed. Note that the area under the curve at the 6 rightmost locations (nominally free stream) is 
zero. 24

Schematic representation of a single wire hot-wire probe 25

Schematic representation of a X Probe 26

Transverse vorticity probe, side view (parallel wires come out of the page) 27

Transverse vorticity probe, as seen by flow 27

Transverse vorticity probe, 3D view 28

Linear relationship of  to  with empirical constants 28

Comparison of calibrations, quasi-steady method and “steady, point” method 29

“Suction-side” calibration facility, with lid removed to reveal angle traverse and jet 30

Assessment of speed and velocity from X-probe 31

Measurement of separation between transverse velocity probe’s parallel wires 31

The micro-circulation domain 32

Sample vorticity time series with illustrative non-zero triggering thresholds 41

Average intermittency vs. vorticity threshold 42
1



Vorticity time series with trigger signal 42

Portion of vorticity time series illustrating the need for a “dwell” criteria. Location of the bottom axes 
is the boxed region on the upper axes. The “dots” on the bottom axes’ curve represent individual data 
points. 43

Proposed structure of VSL 44

“Osculating” parabola of transverse velocity autocorrelation, illustrating the definition of the Taylor microscale 45

Sensitivity of the technique to increasing dwell time. Each curve represents a different dwell time, 
meaasured as a multiple of . 46

Mean intermittency using the absolute magnitude of vorticity measure, the Wygnanski and Fiedler 
measure and the Hedley and Keffer measure, after the surrogate techniques have been “trained” to 
match the vortical measure. 47

Required threshold level, non-dimensionalized by , needed to match the <I> measured by the vorticity 
method. 47

Illustration of a conceptual view of the VSL proposed by Phillips [12] 65

Illustration of a nascent wedge increasing its positive curvature with respect to the non-vortical fluid. 
66

Probability density distribution of conditional duration in time, non-dimensionalized by local Taylor 
microscale. The vertical lines in each distribution represent the mean value of each distribution. 67

Probability density distribution of conditional duration in length, non-dimensionalized by the momen-
tum thickness at streamwise location . The vertical lines in each distribution represent the mean value 
of each distribution. 68

Sample time series of streamwise component of velocity and intermittency. The measurement location 
is  69

Illustration of the rake of probes used to measure the angle of the VSL relative to the transverse di-
rection. The front angle is given by . 70

Timing scheme used in the algorithm to compute front angle. The pattern shown would be viewed as 
a rising edge. 71

Probability density distribution of VSL angle for both rising (vortical to non-vortical) and falling (non-
vortical to vortical) conditions. 72

Ratio of probabilities, P(rising)/P(falling). 72
2



Mean value, streamwise component of velocity. Data from Morris (2002) [11] are shown for compar-
ison. 73

Standard deviation, streamwise component of velocity, Data from Morris (2002) [11] are shown for 
comparison. 73

Standard deviation, transverse component of velocity. Data from Morris (2002) [11] are shown for 
comparison. 74

Skewness, streamwise component of velocity. 74

Reynolds stress non-dimensionalized by square of free stream velocity.  Data from Morris (2002) [11] 
are shown for comparison. 75

Mean value, streamwise component of velocity. Vortical, non-vortical and unconditional values. (The 
mean value of intermittency is presented on the upper axis for reference.) 75

Mean value, transverse component of velocity. Vortical, non-vortical and unconditional values. (The 
mean value of intermittency is presented on the upper axis for reference.) 76

Standard deviation, streamwise component of velocity. Vortical, non-vortical and unconditional val-
ues. (The mean value of intermittency is presented on the upper axis for reference.) 76

Standard deviation, transverse component of velocity. Vortical, non-vortical and unconditional values. 
(The mean value of intermittency is presented on the upper axis for reference.) 77

Joint probability density distribution of fluctuating, non-vortical streamwise and transverse compo-
nents of velocity at . Note that the solid black lines represent the unconditioned mean of streamwise 
and transverse velocity. 78

Skewness, streamwise component of velocity. Vortical, non-vortical and unconditional values. (The 
mean value of intermittency is presented on the upper axis for reference.) 79

Probability density distributions of streamwise component of velocity, vortical condition, at three 
transverse locations 80

Mean shear across the shear layer. The derivative was computed by fitting the  streamwise velocity val-
ues with a piecewise polynomial spline, then differentiating that spline. 81

Reynolds stress non-dimensionalized by the product of standard deviations, also called the correlation 
coefficient (  ). Vortical, non-vortical and unconditional values. (The mean value of intermittency is 
presented on the upper axis for reference.) 81

The Reynolds stress non-dimensionalized by the square of free-stream velocity (). Vortical, non-vor-
tical and unconditional values. (The mean value of intermittency is presented on the upper axis for ref-
erence.) 82
3



Model of non-vortical velocity fluctuations near the free stream--discredited by Figure 4.23’s commu-
nication of distinctly non-zero correlation coefficient in non-vortical velocity near the free stream. In 
this model, negative streamwise fluctuations would have been equally  associated with both positive 
and negative transverse fluctuations. 82

Conditional Autocorrelation of streamwise velocity component at five positions on the high-speed 
side of the shear layer. 83

Dissipation, non-dimensionalized by momentum thickness divided by cube of free stream velocity. 
Vortical, non-vortical, and unconditioned values. 84

Unconditional dissipation, compared to values computed in Morris [11]. 85

Triple products of fluctuating velocity, non-dimensionalized by cube of free-stream velocity, uncon-
ditioned 86

Triple products of fluctuating velocity, non-dimensionalized by cube of free-stream velocity, vortical 
86

Difference between vortical and unconditioned triple velocity products 87

Triple products of fluctuating velocity, non-dimensionalized by cube of free-stream velocity, non-vor-
tical. (Note that the ordinate has twice the range of Figs. 4.29 and 4.30.) 87
4



1.0   Introduction
1.1    Motivation

An intermittent flow is one in which the motion at a given location is at times vortical and

other times non-vortical. Intermittency is a characteristic of free turbulent shear flows and

the turbulent boundary layer. A feature of intermittent flows termed the Viscous Super-Layer

(VSL) is a central feature of the present discussion. This feature, the existance of which was

first proposed by Corrsin (1943), is a thin interface between rotational and irrotational fluid.

Since non-vortical fluid can only become vortical by the direct action of viscosity, the fluid on

the “vortical” side of this interface represents fluid that is subject to viscous effects.  Addi-

tional physical insight can be gained when statistics of these two vortical and non-vortical

flow conditions are separately evaluated. These “conditional statistics” are the subject of

Chapter 4.

1.2    The Facility

The subject flow is a high Reynolds number single-stream shear layer (SSSL) located in the

Turbulent Shear Flows Laboratory at Michigan State University. This facility was created by

and used in the thesis work of S.C. Morris (See Morris (2002)). A single stream shear layer,

depicted in general form in Figure 1.1, is a flow in which a boundary layer has separated from

its bounding wall. Following this separation, the sheared portion of the fluid entrains the

unsheared fluid present in the free stream and the entrainment stream. 

A schematic of the flow path and coordinate system of the SSSL used for the present work is

depicted in Figure 1.2. This particular tunnel is well-suited to the investigation for several

reasons. First, the large physical size of the tunnel allows hot-wire probes to better approxi-

mate a point measurement. Second, since the vortical content of the flow is a variable of inter-
6



est, it is important that the vorticity of the primary and the entrainment streams is very near

zero. Two unique features of the facility were designed with this requirement in mind. The

primary flow (marked with a “1” in Figure 1.2) at the separation lip has a very long (9.67 m)

settling length following the final flow conditioning element. This is to ensure that the  resid-

ual vorticity in the primary free stream is very small. The entrainment flow (marked with a

“2” in Figure 1.2) is passed through flow treatment elements prior to entering the measure-

ment region. These turbulence manipulators lower the level of vorticity in the entrainment

stream. The pressure drop associated with these elements is recouped by driving the entrain-

ment flow with four large fans upstream of the flow treatment. The details of this system are

discussed in greater detail in Chapter 2. 

Virtually all of the following discussion will be conducted in terms of non-dimensional quan-

tities; hence, a discussion of these quantities is merited. Downstream of the separation lip (x =

y = 0), the turbulent boundary layer that has built up on the plate transitions into a free shear

layer. The only flow scale that exists at this point is that of the boundary layer. The momen-

tum thickness of this boundary layer, , is the most natural scaling parameter for the

streamwise axis. In the tunnel used in the present work,  was found to be 9.96 mm.

At some distance x downstream, the shear layer possesses a momentum thickness analogous

to that in the boundary layer. At some x, this is evaluated by 

(1.1)

The integrand of the above expression is depicted in Figure 1.3 at a streamwise location

.
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The similarity variable is given by: 

(1.2)

(  is the transverse position at x where the streamwise component of velocity is half of

that of the free stream value).

It has been shown in numerous prior studies, including Morris (2002), that this similarity

variable can be used to collapse the data from different streamwise locations--the domain for

which this property holds is called the flow’s self-preserving region. The present study veri-

fied this collapse. The results at several streamwise locations are shown in Figure 1.4.

1.3    Document Overview

Chapter 2 of this document presents the experimental apparatus and techniques used in the

present study. Chapter 3 presents the process used to obtain the signal I(t), where

(1.3)

Chapter 4 presents “conditional statistics” of the flow and measurements of the motions and

appearance of the VSL. 
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FIGURE 1.1  General picture of a SSSL
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FIGURE 1.2  The MSU/TSFL Single Stream Shear Layer (SSSL)
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FIGURE 1.3  Integrand of shear layer momentum thickness expression with fitted curve. Data 
shown were taken at .

FIGURE 1.4  Self-similarity of mean velocity profile
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2.0   Experimental Setup and Procedure

2.1    The Facility

2.1.1   Primary Flow

The primary flow is propelled by an axial fan at ground level. After leaving the fan, the fluid

goes though two sets of turning vanes, each turning the flow 90 degrees so that the exit flow is

brought to the level of the main tunnel, 2.1 m above the ground. This is depicted in

Figure 2.1. Directly ahead of the lower set of turning vanes are furnace filters, used to smooth

out variations in the velocity profile. After the flow exits the second set of turning vanes, it is

delivered through a 2 meter by 2 meter opening covered by “honeycomb” flow treatment and

three fine (mesh size = 0.76 mm, open area = 80%) steel screens separated by 10.2 cm. The

honeycomb, which is used to break up large vortical motions, consists of cut soda straws (L/D

= 8, L = 2.54 cm) pressed and glued together. The screens serve to even out variations in the

velocity profile and further reduce the characteristic size of turbulent motions in their wakes.

After passing through the screens, the fluid passes through the portion of the tunnel depicted

in Figure 2.2. The flow goes through a nominal 2:1 contraction. The leading edge of the

boundary layer plate is offset from the end of this contraction by 2.5 cm and fitted with an

elliptical edge. This offset serves to remove the boundary layer that has built up during the

contraction. A boundary layer trip has been installed 30 cm downstream of the boundary

layer leading edge. Its purpose is to ensure that the location of transition to turbulence is fixed

in space. The resulting turbulent boundary layer is then allowed to develop over a length of

5.4 meters from this trip. The Reynolds number of the boundary layer at separation is

. This is quite a large value for a laboratory single stream shear layer. The longRe θ0( ) 4500≈
12



(9.7 m) distance downstream from the final set of primary flow conditioners ensures that neg-

ligible vortical motions remain in the potential stream.

The momentum thickness of the turbulent boundary layer at the separation lip is used to scale

the streamwise axis. This momentum thickness has been measured and was found to be 9.96

mm. The profile of the boundary layer at separation is shown in Figure 2.3 (a). The integrand

of the expression 

(2.1)

is shown in Figure 2.3 (b). The smooth curve superimposed over the data in Figure 2.3 (b) is

an interpolated piecewise cubic spline. The area under this curve was integrated, yielding the

above value of 9.96 mm for .

2.1.2   Entrainment Flow

The location x = y = 0 is termed the separation edge. Downstream of this point, the wall along

which the boundary layer has developed no longer exists, and the boundary layer transitions

into a single stream shear layer. As this shear layer develops it will widen, entraining fluid

from both the high speed primary flow (y > 0) and from the low speed region (y < 0). A typical

SSSL facility allows this low-speed (entrainment) flow to be induced directly from the labora-

tory environment, without benefit of flow conditioning. 

The MSU-TSFL facility is distinctive in that it introduces turbulence manipulators between

the laboratory environment and the flow of interest. Specifically, “honeycomb” (L/D = 8, L =

2.54 cm) followed by three mesh (mesh size = 0.76 mm, open area = 80%) screens separated by
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10.2 cm are employed to deliver a low disturbance entrainment flow. This flow treatment has

the additional effect of imposing a pressure drop on the entrainment flow. This pressure drop

must be balanced by a momentum-introducing element if the required zero pressure gradient

in the streamwise direction is to be preserved.

Four large (48” diameter) axial fans, driven by 3-phase AC motors, were used to provide this

momentum. The entrainment velocity provided by these fans must be adjusted such that the

pressure gradient in the primary stream is equal to zero. If the entrainment velocity is too

high, the shear layer will be “overfed”, causing a negative pressure gradient in the free stream.

If the entrainment velocity is too low, the shear layer will be “starved”, causing a positive

pressure gradient in the free stream.  To ensure a zero pressure gradient condition, a Dura-

pulse AC motor controller was used to modulate the frequency of the line voltage driving the

motors. This allowed the fans’ rotational speed to be tuned to provide the required pressure-

rise condition. The zero pressure gradient condition was ensured by measuring the free

stream speed with a hot-wire at the exit plane ( ) and at a large distance ( )

downstream. The fan speed was then adjusted until the two values were equal.

2.2    Hot-wire Techniques and Processing

2.2.1   Apparatus

Hot-wire anemometry has long been a standard tool of turbulence research. A good overview

of the technique is found in Bruun (1995).  An overview of the techniques and devices ger-

mane to the present document follows. 

x 0= x θ0⁄ 400=
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The anemometer used to collect the data presented in this document was a DISA 55M Con-

stant Temperature anemometer. This proven device uses a Wheatstone bridge and compen-

sating electronics to attempt to continuously maintain a constant temperature at the sensor.

The sensor forms one leg of the bridge, and the voltage required to maintain the desired over-

heat ratio is monitored and sampled at discrete times. 

The basic sensor is depicted in Figure 2.4. It consists of a 5 micrometer diameter tungsten fila-

ment electroplated with copper on the ends to a diameter of 50 micrometers. The unplated

portion is commonly referred to as the wire’s “active region” and it is approximately 1 mm in

length. The copper is soldered to stainless steel jeweler broaches fixed to the main body of the

probe. The copper serves two purposes. First, it allows the probe fabricator to solder, rather

than weld, the wire to the broaches. Second, and more importantly, it decreases the aerody-

namic effect of the broaches on the sensor. To clarify: the increased diameter in the plated

region, as well as the choice of copper, serves to greatly reduce the electrical resistance in the

plated region, reducing the temperature in this region. Since broach effects (boundary layer

and wake) will be confined to the area nearest the broach, a lower temperature near the

broach reduces the impact of these aerodynamic effects. This consideration is of particular

importance when the probe is a multi-wire probe.

A X-wire probe is depicted in Figure 2.5. It consists of two wires, as described above, mounted

at approximately right angles to each other. A hot-wire sensor is sensitive to both the velocity

and angle of the fluid cooling it. A single-sensor probe cannot recover both of these quanti-

ties, whereas a two-sensor probe constructed as shown is able to do so. The procedure to

accomplish this will be discussed in Section 2.2.3.
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The transverse vorticity probe, or Mitchell probe, is depicted in various views in Figures 2.6,

2.7, and 2.8. It consists of two parallel straight wires at a known distance1 apart whose long

axes are at a right angle to the plane of an X array. The four cooling velocities measured can

then be processed such that a measurement of transverse vorticity is obtained. This processing

procedure will be discussed in Section 2.2.4.

2.2.2   Calibration and Processing

The transfer function used to compute a cooling velocity from the measured voltage is a mod-

ified version of what is known as King’s law:

(2.2)

where E is the measured voltage across the wire, Q is the cooling velocity and A, B and n are

empirically determined constants. In order to determine this relationship, the wire must be

calibrated. That is, the response of the wire must be known at certain known velocities. 

The basic method of calibrating a sensor involves placing the wire in a steady, inviscid,

incompressible flow. This flow is therefore amenable to velocity measurement via a pressure

measurement and the Bernoulli principle. The hot-wire voltage and pressure data are

obtained, then the flow is adjusted, and voltage and pressure information are measured at this

new speed. This process is then repeated until the range of velocities expected in the flow of

interest have been covered with sufficient density to be confident in the obtained fit. An

example of the curve to be fitted along with its accompanying constants is depicted in

Figure 2.9.

1. It is important that the measurement of this distance be very accurate. To ensure this, a procedure which will be 
detailed in Section 2.2.4 is employed.

E2 A BQn+=
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This procedure can be altered slightly to save calibration time. Rather than use a truly steady

flow, the flow can be continuously varied over the range of velocities. It is worth noting that

this does violate one of the assumptions of the Bernoulli principle; however, if the rate of

change of velocity is sufficiently small, the error introduced by this effect is similarly small. In

Figure 2.10, the calibrations obtained by the same wire by both the “steady, point” method

and the “quasi-steady” method are shown. The continuous curve in this figure represents the

transfer function found by the quasi-steady method over the range of E2. The discrete points

represent the mean values of E2 found during the “steady, point” calibration which have been

put through the transfer function found by the “steady, point” method. It is clear that the

error introduced by the quasi-steady effect is negligibly small.

During either of the two above procedures, the local temperature near the wire is monitored

throughout. This measurement is made for two reasons. First, the local density must be

known in order to establish local velocity by the Bernoulli relationship. Second, a hot-wire is

not able to measure simply a cooling velocity—it measures its local cooling environment. The

effect of ambient temperature change was examined in Abdel-Rahman et al (1987). The

changes in ambient temperature between calibration and data acquisition have been found to

be small in the facilities used in the present discussion; as such, a linear correction as

described in Abdel-Rahman [1] was employed.

2.2.3   X-array Probe

This procedure is fundamentally unchanged for an X-array probe, with the additional consid-

eration that the probe must now be placed at various angles2 to assess the effects of flow angle

on the response of each wire. The calibration facility shown in Figure 2.11 was constructed to
17



accomplish this. The facility is a “suction-side” unit—that is, a jet is created by allowing a noz-

zle flow to exhaust into a sub-atmospheric plenum that is evacuated by a centrifugal blower.

The wire is placed at the exit of this jet, along with the supporting pressure and temperature

measurements. The primary advantage of a “suction-side” box (compared to a “pressure-side”

unit, in which the nozzle exhausts to atmospheric pressure) is a lower disturbance exit veloc-

ity. Elimination of fluctuations in the jet velocity is important, because these fluctuations

directly affect the uncertainty associated with the technique. It is this consideration which

justifies the increased effort  involved in the fabrication and operaion of a suction-side unit.

A stepper motor has been mounted to the probe-holding fixture to allow adjustment of the

probe angle inside the plenum. A potentiometer has been affixed to this angular traverse to

provide a resistance which changes proportionally to the change in angle. This potentiometer

forms one side of a voltage divider circuit. The voltage across the other side of the circuit was

then measured. This voltage relates the angular position of the probe. 

The calibration procedure as it relates to X-array probes is therefore as follows: position the

probe at a known angle to the oncoming flow. Vary the oncoming flow velocity slowly per

the quasi-steady procedure described above. Reposition the probe at a new known angle and

repeat the process, until a satisfactory number and range of angles have been obtained. For

the present work, 13 angles in 6 degree increments from -36 degrees to 36 degrees were

deemed satisfactory.

2. It is this need to determine wire response at many angles which motivates the use of the quasi-steady calibration. 
Obtaining enough discrete data points to accurately assess wire response in two dimensions (orientation angle and 
velocity) requires nominally an hour for a single probe. In contrast, the quasi-steady procedure accomplishes this same 
task in about 15 minutes.
18



The result of this procedure is a set of 13 transfer functions in the form of Equation 2.2 for

each wire--one function for each calibration angle. Given a voltage for each wire, the velocity

for each wire that would result from that voltage, at that angle, is computed. Since the angles

at which these possible velocities exist is also known, we can view this calibration informa-

tion as two sets of speed/angle pairs. These sets of pairs are can be viewed on a Cartesian coor-

dinate system, depicted in Figure 2.12. Since each wire is (assumed to be) at the same angle to

the flow and the fluid passing over each is at the same velocity, the intersection of these

curves determines the speed and angle of the flow experienced by the probe3.

2.2.4   The transverse vorticity probe

A time-resolved measurement of transverse vorticity4 is also desired. The basic method for

accomplishing this with the probe depicted in Figures 2.6, 2.7, and 2.8 was originally com-

municated in Wallace and Foss (1995), but will be repeated here with mention made of subse-

quent additions to and refinements of the method.

This four-wire probe can be considered to be comprised of two arrays: an X-array, identical to

that described in Section 2.2.3, and an array of parallel wires. The procedure for calibrating

the probe is similar to that of an X-array--the probe is placed at various angles to assess the

effects of flow angle on the response of each wire. Some previous iterations of this method did

not take into account the effects of varying flow angle on the array of parallel wires. These

effects were accounted for in the present work.

3. This processing method is very similar to one introduced by Browne et al. (1989). The method as described above was 
independently developed by Morris (2002).

4. The measurement procedure and supporting algorithms detailed describe a procedure which is time-resolved and 
approximates a point measurement. Since the circulation is calculated about a finite volume, all derivatives are approxi-
mations of their infinitesimal form.
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The vorticity measurement is made by approximating the relevant terms of the curl of veloc-

ity. The following discussion concerns the spanwise component of vorticity. This component

of vorticity is best able to define the average behavior of the vorticity filaments comprising

the VSL. Since the mean flow field is homogenous in the spanwise direction, and nearly

homogenous in the streamwise direction, the only component of vorticity having a non-zero

mean value is the spanwise component. Note that the other components may have distinctly

non-zero fluctuations.

To approximate the spanwise component of vorticity, the terms which must be approximated

are the derivative of the streamwise component in the transverse direction and the derivative

of the transverse component in the streamwise direction. Or, following the common nomen-

clature, 

(2.3)

The above derivatives are not directly approximated. Instead, a construct known as the

“micro-circulation domain”, shown in Figure 2.14, is employed, along with Green’s Theorem

(Equation 2.4) in the approximation of vorticity.

(2.4)

Equation 2.4 states that the average vorticity through the area IJKL (see Figure 2.14) is equal

to the circulation around the perimeter . The average vorticity through the area IJKL is

therefore: 

(2.5)

ωz s∂
∂v

y∂
∂us–=

ω Ad∫∫ Γ V sd∫°= =

IJKL

ωz
Γ
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ds
------------------------------

us JK( ) us IL( )–
dy

---------------------------------------+= =
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The length  is the separation between the probe’s two parallel wires, as

shown in Figure 2.6. Measurement of the distance between the parallel wires is performed by

traversing a calibrated probe across a steep velocity gradient. A boundary layer or a thin free

shear layer is appropriate for this task. The velocity is recorded at a series of known locations,

and this information is plotted for each wire on a set of axes, shown in Figure 2.13. The dis-

tance between these two curves is the separation between the parallel wires.

The length ds is calculated iteratively:

(2.6)

Where , the mean angle over a domain of size m about point n, is given by:

(2.7)

 is the amount of time between acquired realizations. q1 and q2 are the velocity magni-

tudes at each time step. The value of m is increased until ds > dy. 

dy IJ LK= =

ds m( ) 1
2m 1+
----------------- γ ti( ) γn〈 〉–( )

q1 ti( ) q2 ti( )+
2

----------------------------------- ∆t××cos
i n m–=

n m+

∑=

γn〈 〉

γn〈 〉 m( ) 1
2m 1+
----------------- γ ti( )

i n m–=

n m+

∑=
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FIGURE 2.1  Side view of primary blower and flow treatment
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FIGURE 2.2  Contraction and leading edge of boundary layer
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FIGURE 2.3  (a): Boundary layer profile at separation lip. (b): Integrand of  

with the integrated smooth function superimposed. Note that the area under the curve at the 6 
rightmost locations (nominally free stream) is zero.
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FIGURE 2.4  Schematic representation of a single wire hot-wire probe
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FIGURE 2.5  Schematic representation of a X Probe
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FIGURE 2.6  Transverse vorticity probe, side view (parallel wires come out of the page)

FIGURE 2.7  Transverse vorticity probe, as seen by flow
27



FIGURE 2.8  Transverse vorticity probe, 3D view

 

FIGURE 2.9  Linear relationship of  to  with empirical constants
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FIGURE 2.10  Comparison of calibrations, quasi-steady method and “steady, point” method
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FIGURE 2.11  “Suction-side” calibration facility, with lid removed to reveal angle traverse and jet
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FIGURE 2.12  Assessment of speed and velocity from X-probe

FIGURE 2.13  Measurement of separation between transverse velocity probe’s parallel wires
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FIGURE 2.14  The micro-circulation domain
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3.0   Intermittency

3.1    Introduction

The curl of the Navier Stokes equation,

(3.1)

is known as the vorticity transport equation. Flows which are bounded by fluid possessing

negligible vorticity, that is, , often exhibit “intermittent” properties. Within the field of

interest, there exist locations at which the fluid could at times be described as vortical, and at

other times, non-vortical. The boundary between vortical and non-vortical fluid is known as

the Viscous Superlayer (VSL). 

It can be argued that the VSL is a sharp boundary by analysis of Equation 3.1. The term 

represents the time rate of change of vorticity for a fluid element. A non-vortical fluid ele-

ment can only become vortical via the direct action of viscosity, hence the term  must

be of the same order of magnitude as . Note that  has units of , where

(length) characterizes the thickness of the VSL. Since  is “small”,  must be

“large”, and therefore (length) is “small”. 

The result of this procedure is a function  such that:

(3.2)

Dω
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-------- ω ∇•( )V ν∇2ω+=

ω 0≈

Dω
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ν∇2ω

Dω
Dt
-------- ∇2 1 length( )⁄ 2

ν 1 length( )⁄ 2

I x t,( )

I t( ) x cons ttan=
1, if fluid at x at time t is vortical
0, if fluid at x at time t is non-vortical⎩

⎨
⎧
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The time-mean of this function, <I>, therefore represents the fraction of time that the fluid

passing a point in space is vortical. Both the time record and the time-mean of  have

application in characterizing the flow. 

Those sections of flow deemed vortical can be separated from the rest of the record and quan-

tities representative of only the vortical portions determined. These conditional statistics are

the primary focus of Chapter 4. The number and frequency of transitions between vortical

and non-vortical at a given point gives some measure of the structure of the VSL.

3.2    Defining “vortical”: surrogate methods

Previous works have discussed the topic of intermittency. These works made use of a different

signal than vorticity to construct the function I(t). These surrogate methods construct I(t)

such that I(t) = 1 if  is sufficiently large, and I(t) = 0 otherwise. For reasons stated

in the previous section, the author believes the current method of constructing I(t) to be the

most closely tied to the physics of the flow. However, the surrogates are appropriate indica-

tors of dissipation and turbulent mixing. They are therefore not without technical impor-

tance. Details of and comparisons between the various methods follows.

3.2.1   Townsend

One of the earliest works on the topic of intermittency was Townsend (1956), who used even

powers of the spatial derivative of velocity and compares it to the analogous even powers of a

I x t,( )

t∂
∂ velocity
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known “fully turbulent” flow to obtain the average value of intermittency at some location.1

That is, 

(3.3)

The single bar notatation, , refers to the ordinary time mean, and the double bar nota-

tion, , refers to the mean taken only during the turbulent portion of the flow. The claim

is made in Townsend (1956) that the flow being examined (planar wake behind a cylinder)

was always turbulent near its centerline, The “turbulent mean” derivative is therefore com-

puted at this location. Note that this method assumes implicitly that  is the same in the

turbulent flow regardless of distance fom the mean position of the VSL. This will be further

discussed in Section 4.5.1. 

It is notable that this method is only able to estimate the mean value of intermittency over

some given period of time. Townsend (1956), also proposes a measure able to recover I(t):

(3.4)

If this signal passes some determined threshold at some time t, the flow is considered to be

turbulent. It is assumed that the unmodified “frozen-flow hypothesis” was used to convert

between the time derivative of velocity and the spatial derivative required. 

1. It should be noted that in the 1976 edition of the Monograph, Townsend does not make mention of the measures 
listed. It is not known whether this omission represents a retraction. 
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This signal is physically interesting in that it is proportional to the dissipation in a homoge-

nous, isotropic turbulent flow2. Implicit in the use of this signal as an indicator of turbulence

is that dissipation in turbulent fluid is larger than in non-turbulent fluid, which is a reason-

able claim. 

3.2.2   Wygnanski and Fiedler

Another measure was presented in Wygnanski and Fiedler (1970). The identifier used in this

work was the sum of squares of two time derivatives of velocity: 

(3.5)

A threshold can then be set, such that if the signal exceeds said threshold, for a determined

“dwell time” the value of I(t) = 1 at that time. Assuming that the measure described in

Townsend (1956) did indeed use an unmodified frozen-flow hypothesis to obtain its spatial

derivative, this measure is the same as Townsend’s with the addition of the second-derivative

term.

3.2.3   Hedley and Keffer

Another measure, similar to the Wygnanski and Fiedler measure, was presented by Hedley

and Keffer (1974). The identifier employed therein took into account both streamwise and

transverse components of velocity, but was identical in principle to the Wygnanski and

Fiedler signal:

2. A good derivation of this can be found on pp. 133-4 of Pope [13].
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(3.6)

This signal contains two components of the dissipation and the accompanying second deriva-

tive terms.

3.2.4   Activity Intermittency

An interesting “missing link” between the Wygnanski and Fiedler-type measure and mea-

sures using the absolute value of vorticity was the notion of “activity intermittency”. Certain

portions of a time series of vorticity are observed to have a distinctly non-zero vorticity while

possessing little to no high frequency content. This observation is contrary to the notion that

a vortical flow should possess, to paraphrase Richardson, “big whorls, which have smaller

whorls, and so on to viscosity”. To separate these apparently vortical, inactive regions from

those regions clearly “vortical” both by measure of vorticity and activity, a measure based on a

local standard deviation level was used. This method was employed by Haw et al. (1989).

3.3    Defining vortical: detailed considerations

With the general technical review of Section 3.2 accepted, the task of constructing a defini-

tion of what constitutes vortical flow remains. Ideally, all points in time not having a zero

vorticity would be deemed vortical. Measurement uncertainty requires some non-zero

threshold to be set. That is, if the vorticity at some time is beyond some determined threshold,

it is deemed vortical. Figure 3.1 is a sample portion of one of the measured time series, and

serves to illustrate this point. The question now arises as to what this threshold ought to be.

In the present work, this value was set by the following method: compute I(t) for some small

threshold, with the understanding that all t having an  greater than threshold shall have an
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I(t) value of 1. Use this I(t) to compute <I>, then increase the threshold by some small incre-

ment. Compute I(t) for this new threshold and compute the new <I>. This procedure is

repeated at many thresholds3. Figure 3.2 illustrates the results of such a  procedure. Observe

the sharp initial fall, followed by a “knee”, then a much lower rate of descent. The initial fall

can be viewed as the “noise” region of the graph—the threshold is clearly too small. The slow

fall in the higher threshold regions indicates that the value of <I> is reasonably insensitive to

changes in threshold. Therefore, the appropriate threshold is at the beginning of this slow fall

region, or at the end of the “knee”. It should be noted that this precise location is not well

defined, and is subject to the data analyst’s interpretation.

The need for another necessary consideration in this procedure is illustrated by Figure 3.4.

Clearly, the portions above and below the marked threshold limits are deemed vortical. In a

vortical field, there exists regions of strongly negative and strongly positive vorticity. There

also exists regions within this field which connect these strongly vortical regions. These con-

necting regions are measured as having near-zero vorticity (as shown in Figure 3.4). Despite

their low magnitude of vorticity, these regions are understood to lie on the “vortical” side of

the VSL.

To separate these connecting regions from truly non-vortical fluid, it is necessary to incorpo-

rate another consideration into the I(t) construction. Corrsin and Kistler (1955) proposed that

the thickness of the VSL should be on a “viscous” length scale, the Kolmogorov scale. If  the

VSL has a characteristic thickness, it is easy to imagine that the folds in the interface also have

3. The computational time associated with this procedure can become quite large. It is recommended that the maximum 
threshold at which <I> is computed be no more than the standard deviation of vorticity at the measurement location. 
This value should be large enough to observe the described trend in most flows.
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some characteristic length scale associated with them. To the eye, this length scale would  be

characteristic of the smallest “lobe” of vortical fluid capable of projecting itself into the non-

vortical fluid. Figure 3.5 is intended to clarify this point.

The most natural choice for this scale seems to be the local Taylor microscale ( ). This quan-

tity is computed by finding the zero-crossing of the “osculating” parabola of the initial portion

of the autocorrelation of the transverse component of velocity. See Figure 3.6 for clarification.

Landahl and Mollo-Christensen (1994) view the length analog of this scale (defined:

) as characterizing the size of the smallest “dynamically significant” eddies in the

flow. Townsend [16] advanced the notion that since  is proportional to the ratio of the

total turbulent energy of the flow to the rate of loss of turbulent energy by dissipation, that

 is best viewed as a time scaling for the dissipative motions. Both interpretations are

interesting, but it is the first which is perhaps most appropriate in the context of the current

discussion. 

If the smallest “dynamically significant” eddies in the flow are indeed characterized by the

Taylor microscale, it is likely that this scale also characterizes the smallest “lobe” of vortical

fluid capable of projecting itself into the non-vortical fluid. To separate the previously dis-

cussed “connecting regions” from truly non-vortical fluid, the Taylor time scale, , is used to

scale a “dwell” parameter. That is, the measured vorticity must fall within the determined

non-vortical thresholds for more than some (small) multiple of  to be considered non-vorti-

cal. 

λt

λv λt u×=
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Independent of an a priori notion of the proper scale, a procedure for finding a numerically

appropriate “dwell” can be used. This is similar to the procedure used to determine the appro-

priate vorticity threshold. Figure 3.7 is intended to clarify this procedure. Each curve in

Figure 3.7 represents the <I> over a range of thresholds at different dwell time, measured as a

multiple of . The smaller the spacing between curves, the less sensitive the measurement of

<I> is to a change in dwell time near that dwell time.

It should be noted that the character of Figure 3.2 is not preserved as the mean intermittancy

value approches 1. The algorithm is “trained” at a location where the <I> is near 0.3. This <I>

ensures that there is enough vortical and non-vortical fluid passing the probe to establish a

rational threshold level. At this location, the appropriate threshold is assessed from a plot like

Figure 3.2, and this value is used as the threshold for all transverse locations. The dwell time

at each location was equal to , where  is the local Taylor time scale. The “2” multiplier

was determined empirically, from Figure 3.7.

3.4    Comparison of Methods

It is clear that the threshold for each time-resolved method at a given transverse location can

be set such that all of the methods yield very nearly the same mean. The “correct” level for

each surrogate method can be set using the <I> that is derived from the vorticity signal, as

described in Section 3.3. Figure 3.8 depicts the <I> at each transverse location after this setting

procedure.

It should be noted that even though the values of <I> are very close--the  difference between

each method and the “known” value from the absolute vorticity method is less than 0.5%--the

measured transitions between vortical and non-vortical for I(t) are not the same for each pro-

λt

2λt λt
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cessing method. The implications of this become clear in the context of the conditional statis-

tics, examined in Chapter 4.

It is of some interest to assess how amenable the alternate methods are to a “training” proce-

dure, as was employed for the vorticity-based method. Figure 3.9 shows, at each transverse

location, the threshold level required to make the <I> from the alternate method match that

of the vorticity-based method. It is instructive to note the degree to which the level changes

as the measurement location moves in the transverse direction.

FIGURE 3.1  Sample vorticity time series with illustrative non-zero triggering thresholds
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FIGURE 3.2  Average intermittency vs. vorticity threshold

FIGURE 3.3  Vorticity time series with trigger signal
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FIGURE 3.4  Portion of vorticity time series illustrating the need for a “dwell” criteria. Location of 
the bottom axes is the boxed region on the upper axes. The “dots” on the bottom axes’ curve 

represent individual data points.
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FIGURE 3.5  Proposed structure of VSL
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FIGURE 3.6  “Osculating” parabola of transverse velocity autocorrelation, illustrating the 
definition of the Taylor microscale
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FIGURE 3.7  Sensitivity of the technique to increasing dwell time. Each curve represents a 
different dwell time, meaasured as a multiple of .λt
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FIGURE 3.8  Mean intermittency using the absolute magnitude of vorticity measure, the 
Wygnanski and Fiedler measure and the Hedley and Keffer measure, after the surrogate 

techniques have been “trained” to match the vortical measure.

FIGURE 3.9  Required threshold level, non-dimensionalized by , needed to match the <I> 

measured by the vorticity method.
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4.0   VSL properties and conditional statistics

4.1    Properties of the VSL

4.1.1   Description of the VSL

Phillips (1972), describes the VSL as consisting of “billows” of vortical fluid propagating into

the vortical fluid separated by re-entrant “wedges” of non-vortical fluid. An illustration of this

is provided as Figure 4.1. An important result derived by Phillips is that a region of positive

curvature with respect to the non-vortical fluid--a nascent wedge--will continue to increase

its positive curvature until it becomes infinite or reaches some physical maximum. A cartoon

illustrating this process is provided as Figure 4.2. This result is used justify the view of the

small-scale features of the VSL proposed by Figure 3.5, and which will be further elaborated

upon in the following sections.

4.1.2   Condition Duration

Once a passage of the VSL has been detected, it is natural to ask for what amount of time or

space this particular vortical/non-vortical region lasts. The probability density distribution of

conditional duration in time is presented in Figure 4.3. The values have been non-dimension-

alized by the local Taylor microscale . Notice that all distributions are strongly non-Gauss-

ian and positively skewed. The strong positive skewness of these distributions implies that the

VSL is rich in small-scale features. The mean values of each distribution (shown as vertical

lines in Figure 4.3) demonstrate the expected trend. Near the free stream, the mean duration

for the non-vortical condition is very long, and decreases as the shear layer center is

approached. The mean duration for the vortical condition is shorter near the free steam, and

increases as the shear layer center is approached. 

λt
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The mean values for the vortical condition also support the choice of  as the “dwell”

parameter, as discussed in Section 3.3. The shortest possible duration that can be measured is

, enforced by the chosen dwell time. The shortest mean value for the vortical condition

that is observed is approximately , Since the mean values are significantly larger than the

shortest possible duration, it is unlikely that the distributions of Figure 4.3 have been signifi-

cantly truncated. 

The probability density distribution of conditional duration in space is presented in

Figure 4.4. The values have been non-dimensionalized by the momentum thickness of the

shear layer at . Figure 4.5 is intended to clarify the method used to obtain these

statistics. The durations in time were computed, as for Figure 4.3. Then the average stream-

wise velocity between the passings of the VSL was multiplied by each duration. These “dura-

tions in space” imply, per a local Taylor approximation, the relative size of the “bulges” from

Phillips’ model of the VSL.

Figure 4.4 has several interesting features. First, note the similar character of the trends with

respect to transverse location in mean duration length for each condition, compared to the

mean duration times from Figure 4.3. The vortical mean length becomes longer as the mea-

surement location moves toward the shear layer center, and the non-vortical mean length

becomes shorter. The vortical mean duration in time, shown in Figure 4.3, increases by a fac-

tor of 8 as the measurement location moves from  to . In contrast, the vor-

tical mean duration in length increases by only a factor of 2.5 over the same span. 
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Finally, note that the vortical mean durations in both length and time do not increase mono-

tonically as the shear layer center is approached--the vortical durations at  are

shorter than the durations at . Recall that the vortical fluid is bounded by the high

speed free stream on one side and the low speed entrainment stream on the other. The shorter

vortical durations near the center are likely a result of the low-speed VSL approaching and

passing the location  with greater frequency than it passes the location 1. 

4.1.3   Appearance of the VSL

A “rake” of hot-wire probes was used to obtain information about the geometry of the VSL.

An illustration of this rake, as well as a cartoon of the approaching VSL, is provided in

Figure 4.6. The rake consists of a single vorticity probe flanked by two X probes. The distance

between neighboring probes’ measurement regions was 1 cm. The Hedley and Keffer (1974)

algorithm, from Section 3.2.3, was employed to obtain an I(t) signal from the X probes.

The quantity measured by this rake was the angle of the VSL relative to the transverse direc-

tion, as shown in Figure 4.6. The timing scheme used in computation is shown in Figure 4.7.

The angles  and  were computed as follows:  

(4.1)

(4.2)

As noted previously, probe spacing was 1 cm. Note that a “locally frozen” Taylor hypothesis

was employed. This hypothesis assumes that the velocity of the VSL relative to the local con-

1. Further evidence supporting this claim is presented in Section 4.3.4.

η 0.04–=

η 0.60=
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vection velocity is small with respect to the local convection velocity. A restriction was also

imposed on the measured “sharpness” of the front. Referring back to Figure 4.6, the difference

between  and  was capped at 45 degrees.

This result of this processing was two bodies of data. One body will consist of the “entering”

angles, when the VSL passage implies a change from non-vortical fluid to vortical fluid. The

other body of data comprises the “leaving” angles, when the VSL passage implies a change

from vortical fluid to non-vortical fluid. The result of this processing is presented in

Figure 4.8 as probability density distributions. It is notable that an “entering” VSL is preferen-

tially associated with positive angles and a “leaving” VSL with negative angles. These data are

qualitatively consistent with Phillips’ view of the VSL. (Refer to Figure 4.1)

It is also interesting to view these data as the ratio of the probability “entering” to the proba-

bility of a “leaving” for a given angle. This is presented in Figure 4.9, with a logarithmic ordi-

nate. An example interpretation of this figure is as follows: if the VSL is measured to have

crossed at an angle of 60 degrees, it is approximately 10 times more likely that the flow at the

measrement location went from non-vortical to vortical (entering).

4.2    Conventional Statistics

It is useful, prior to the discussion of the velocity field’s conditional statistics, to examine the

unconditioned (conventional) statistics of the field. Comparisons to the data presented in

Morris (2002), henceforth “Morris”, will be the focus of this section. 

θ1 θ2
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The mean value of streamwise velocity, non-dimensionalized by free stream velocity, is

shown in Figure 4.10. The matching data of Morris are also presented. These data agree to

within 1.5% of free stream speed.

The standard deviation values of the streamwise and the transverse components of velocity,

non-dimensionalized by free stream velocity, are presented in Figure 4.11 and Figure 4.12,

respectively. The matching data of Morris are also presented. Note that the peak streamwise

value from the current work is slightly lower than that presented in Morris, while the peak

transverse value from the current work is slightly higher than that of Morris. 

The skewness values of the streamwise component of velocity are presented in Figure 4.13.

Note that the skewness decreases from near the free stream to a minimum value near

. This is reasonable, since positive fluctuations are nominally bounded by the free

stream velocity, while negative fluctuations are bounded by zero. The value of  at

 is approximately 0.85. The increasing skewness in the range  is a

reflection of the increasing positive excursions from the mean relative to the negative excur-

sions from the mean.

The Reynolds stress, , non-dimensionalized by the square of free stream velocity, is pre-

sented in Figure 4.14. The matching data of Morris from two streamwise locations,

 and  are also presented. The spread of data within Morris indicates

that the agreement between Morris and the present work is not unreasonable.
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4.3    Conditional Statistics

4.3.1   Description and Definition

Conditional statistics can be defined as follows: “Given a set of observations for which condi-

tion A holds, what is the value of statistical measure B?” For example, one may be interested

in the skewness (measure) of the streamwise component of velocity during the vortical (con-

dition) portions of the record. The import of these types of statistics is in separating effects

unique to the vortical flow from those unique to the irrotational flow.

The conditional properties discussed in the present work were computed as follows: (under-

standing that a single overbar implies standard mean, shown below)

(4.3)

where N is the number of samples.

Vortical mean: 

(4.4)

Vortical rms: 

(4.5)

Vortical skewness: 

(4.6)
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Vortical cross-correlation coefficient: 

(4.7)

The non-vortical conditional properties can be computed by substituting (1-I(x,t)) for I(x,t),

and the appropriate conditional mean and rms, where appropriate. The subscript “ “

will be used to designate these conditional statistics.

Note that the conditional mean and standard deviation have been used in the definition of the

higher-order statistics. This is to remove the effects of any offset between these conditional

statistics and those statistics taken from the total record.

4.3.2   Conditional Mean, Streamwise Component

The streamwise vortical mean and streamwise non-vortical mean velocity are presented in

Figure 4.15. Several features are evident. In the high-speed region, vortical fluid has a lower

mean streamwise velocity, and in the low-speed region, vortical fluid has a higher mean

streamwise velocity. This is reasonable--consider that the sheared fluid comprising the flow’s

vortical region has reached this state by the mixing of high velocity fluid with low velocity

fluid. The mixed fluid at any location contains some amount of accelerated low speed fluid

and decelerated high-speed fluid. Thus, the mixed fluid should be expected to have a velocity

closer to the average velocity between the potential streams ( ) than will the nearby

unmixed fluid. 

4.3.3   Conditional Mean, Transverse Component

u'v'
ũṽ
--------

ω

u x t,( ) uω–( ) v x t,( ) vω–( )I x t,( )

uω
˜ ṽωI x t,( )

--------------------------------------------------------------------------------=

ω 0=
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The transverse vortical mean and transverse non-vortical mean velocity are presented in

Figure 4.16. Several features are evident. Mean transverse vortical velocity goes from a posi-

tive value near the free stream, to a negative value as the shear layer center is approached.

This result is reasonable. Since vorticity is imparted to a fluid element only through the direct

action of viscosity, a vortical fluid element cannot originate in the free stream. The mean pos-

itive transverse velocity of these vortical elements is likely a reflection of these elements’ ori-

gin nearer the shear layer center.

The mean transverse non-vortical velocity goes from near zero to a strong negative value to a

positive value as the measurement location moves from  to . These results are

reasonable, especially when viewed in the context of the VSL. Since a non-vortical fluid ele-

ment originated in either the high-speed free stream or the entrainment stream, it is reason-

able that a non-vortical fluid element which exists near the shear layer center has a large

(positive or negative) transverse velocity reflecting its origin in one of the two non-vortical

streams2. The increasingly negative mean transverse velocity as the measurement location

approaches the shear layer center is a likely indication that a large fraction of the non-vortical

elements at these locations originated in the free stream. Similarly, the increasing sign in the

region  is a likely indication that an increasing fraction of the non-vortical

elements originated in the entrainment flow.

4.3.4   Conditional Standard Deviation, Streamwise and Transverse Velocity Components

The vortical and non-vortical streamwise velocity standard deviations are presented in

Figure 4.17. The vortical standard deviation is considerably higher than the non-vortical

2. Figure 4.18 and its accompanying discussion provides further evidence of this claim.

η 3.04= η 0=

0.37– η 0.75≤ ≤
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value in the region . This is rational in the sense that fluid elements compris-

ing the non-vortical ensemble near the free stream all originated in the free stream, whereas

the vortical ensemble is comprised of fluid elements having a much wider range of velocity

histories.

The vortical and non-vortical steamwise standard deviation values are of comparable magni-

tude in the region . The likely explanation for this phenomenon is that the

comparatively large non-vortical values are the result of the unsheared fluid entering from

both the entrainment stream and the primary stream. Under this hypothesis, the large mea-

sured standard deviation is the result of two distinct “processes” bringing unsheared fluid at

two widely disparate speeds to the shear layer center. 

This explanation is supported by the measured values of the standard deviation of the trans-

verse component of velocity, presented in Figure 4.18. The non-vortical value is smaller than

the vortical value in the region . In the region , the conditions

have similar standard deviation. 

To assess whether large streamwise fluctuations are correlated with large transverse fluctua-

tions, a joint probability density distribution of the non-vortical streamwise and transverse

velocity fluctuations at  was evaluated. It is presented in Figure 4.19. The character

of this plot supports the “two-process” explanation of the large standard deviation values. The

“island” in Quadrant II is composed of lower than mean streamwise velocities and higher than

mean transverse velocities. The ensemble of fluid elements this island represents likely origi-

nated in the entrainment flow. Conversely, the “island” in Quadrant IV is composed of higher

0.60 η 3.04≤ ≤

1.13– η 0.43≤ ≤

3.04 η 0.65≥ ≥ 0.65 η 1.13≥ ≥

η 0.05=
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than mean streamwise velocities and lower than mean transverse velocities, indicating that

the ensemble of fluid elements it represents likely originated in the primary flow.

4.3.5   Conditional Skewness, Streamwise Velocity Component

The vortical and non-vortical streamwise velocity skewness values are presented in

Figure 4.20. Note that the skewness of the vortical streamwise component of velocity

increases approximately monotonically from the free stream to the low speed side. This result

is reasonable. Near the free stream, the distribution is negatively skewed. The nominal upper

bound of streamwise velocity (velocity of the free stream) is closer to these distributions’

mean than is the streamwise velocity lower bound (zero). Therefore, it is reasonable that the

magnitude of negative deviations from the mean are larger than positive deviations from the

mean. As the observation point moves toward the center of the shear layer, the distribution

becomes more symmetric. Near the entrainment stream, the distribution is positively skewed.

Since the streamwise velocity lower bound (zero) is closer to these distributions’ mean than is

the streamwise velocity upper bound (velocity of the free stream), a positive skewness in this

region is reasonable. Three representative histograms that demonstrate these skewness values

are presented in Figure 4.21.

The skewness of the non-vortical streamwise component of velocity is nearly zero in the free

stream, and remains so until . This is reasonable, since the fluid elements making up

the non-vortical ensemble in the near free stream locations likely all originated in the free

stream. These elements have not undergone shearing, and thus variations in the non-vortical

velocity values are random and unskewed.

η 1.85≈
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For values of , the skewness of the non-vortical streamwise velocity decreases to a

minimum at approximately , then increases, becoming positive at approximately

. A hypothesis explaining this behavior is as follows: the increasingly negative

skewness for  implies that an increasing amount of the non-vortical fluid at

these locations has come to the measurement location from the entrainment stream.  Near

, the number of “entrainment elements” is sufficiently small that the mean is not

greatly affected. As a statistical moment’s order increases, it is affected more by large excur-

sions from the mean. Therefore, the skewness is made negative by these entrainment ele-

ments. 

As the measurement location moves toward the shear layer center from , an

increasingly larger fraction of the non-vortical ensemble is composed of fluid which origi-

nated in the entrainment stream. This decreases the mean non-vortical streamwise velocity.

The “bounding” arguments proposed earlier regarding the vortical skewness are again useful.

A decrease in an ensemble’s mean value likely causes the magnitude of positive deviations

from the mean to be larger than negative deviations from the mean. This effect increases the

skewness of the distribution representing the ensemble. The non-vortical streamwise skew-

ness is approximately zero at 3. 

4.3.6   Reynolds Stress

The vortical and non-vortical kinematic Reynolds shear stresses, divided by the product of

the transverse and streamwise standard deviation--that is, the conditional correlation coeffi-

3. It is interesting to note that the location of peak mean shear corresponds very closely with . This is shown 
in Figure 4.22.
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cients--are presented in Figure 4.23. It is interesting to see that the vortical coefficient

remains reasonably constant as the measurement location moves in the transverse direction.

This implies that the vortical flow is of reasonably universal character throughout. Per the

Prandtl argument (see Potter and Foss (1975)) as it applies to this geometry, flow with a

higher streamwise velocity than the vortical average possesses a lower than average transverse

velocity, and vice-versa. Thus, the mean product of the streamwise and transverse fluctua-

tions will have a negative sign. The non-dimensional Reynolds stress is presented in

Figure 4.24. 

It is also instructive to note that the correlation between streamwise and transverse fluctua-

tions in the non-vortical fluid near the free stream is not as strong as for vortical fluid. The

likely explanation for this is that the vortical fluid’s fluctuations are increased by both the

pressure field and shear forces, whereas the non-vortical fluid’s fluctuations result only from

the pressure field. It is interesting to note that the non-vortical correlation coefficient is non-

zero at the measurement location nearest the free stream ( ). Since the non-vortical

velocity fluctuations near the free stream are a result only of fluctuations in the pressure field,

the model of fluctuations presented in Figure 4.25 could have been reasonably expected. In

this scenario, the velocity magnitude would have remained relatively constant, with fluctua-

tions in velocity components resulting from fluctuations in the flow direction. Since the sce-

nario shown in Figure 4.25 is not reflected in the data, it is likely that the pressure field is

related to the large-scale structure of the vortical region. 

In contrast to its small values near the free stream, the non-vortical coefficient is strongly

negative near the shear layer center, more so than the vortical flow there. The previous dis-

η 3.04=
59



cussion of Figure 4.19 (see Section 4.3.4) is useful for explaining this observation. This figure

shows the strong correlation between negative transverse/positive streamwise fluctuations

and vice-versa. Furthermore, Figure 4.19 supplies more evidence in support of the hypothesis

that the strong correlation near the shear layer center is not the result of one ensemble of

fluid with strongly coupled streamwise and transverse fluctuations, but instead of two ensem-

bles of fluid which together create a strong correlation.

4.4    Conditional Autocorrelation

The standard short time averaged autocorrelation is defined (Bendat and Piersol (1986)) as

follows:

(4.8)

 A conditional autocorrelation can also be defined, provided some care is taken. The number

of time steps to which the correlation was computed was half of the dwell time (described in

Section 3.3 on page 37). 

(4.9)

In Equation 4.9, ,  is N/2 samples after the crossing of

the VSL. The complete autocorrelation for one vortical or non-vortical burst is given by com-

puting  for . The resulting autocorrelation can then

be averaged at each time lag over the set of all bursts. This average is analogous to the aver-

Ruu t1 t1 τ+,( ) 1
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--- u t( )u t τ+( ) td
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Ruu τ -N/2, -(N/2)+1, ..., (N/2)-1, N/2( )
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aged autocorrelation of the entire (conditioned) signal. Note the use of the conditional aver-

age rather than that of the full record. 

Figure 4.26 depicts the vortical and non-vortical autocorrelation of streamwise fluctuations at

several transverse locations on the high speed side of the shear layer. Two things are immedi-

ately evident. First, the non-vortical velocity remains more correlated over time than does the

vortical velocity. This is result is reasonable, since the strongly irregular nature of the vortical

field will cause the vortical flow at some time  to look less like the flow at time t than

would have been the case in a non-vortical flow. 

Second, the non-vortical correlation is far less sensitive to transverse position than is the vor-

tical correlation. This relative insensitivity of the non-vortical correlation is likewise reason-

able--a patch of non-vortical fluid looks essentially uniform throughout its duration. The

relative sensitivity to position of the vortical fluid is perhaps best examined in light of

Figure 4.17. As the measurement location approaches the shear layer center, the magnitude of

fluctuations in the vortical fluid increases, increasing the rate at which its autocorrelation

descends. It is important to note that this same process is not in effect on the non-vortical

flow at these central locations, despite the fact that the conditional standard deviation of the

non-vortical fluid (Figure 4.17) is similar in magnitude to that of the vortical fluid at these

locations. This is further support of the hypothesis that the large magnitude of non-vortical

fluctuations near the shear layer center is not the result of one highly-fluctuant process but

instead of non-vortical fluid being brought to near the center from both the low-speed and

high-speed sides.

t ∆t+
61



4.5    Components of the Turbulence Kinetic Energy (TKE) Equation 

The turbulence kinetic energy (TKE) equation is written as4:

(4.10)

where , and 1,2,3 are understood to refer to the streamwise, transverse and span-

wise directions, respectively.

A small subset of these terms will be considered in the present work. A more complete treat-

ment of the terms of this equation in the SSSL can be found in Morris (2002). The disspation

, will be modeled using an isotropic assumption. Components of the turbulent diffusion that

are contained in that term’s transverse derivative, ,  and , will also be considered.

4.5.1   Dissipation

Dissipation is defined as

(4.11)

where the second term of Equation 4.11 is identically zero in homogeneous turbulence5. In

homogenous turbulence, the identity 

(4.12)

also holds. If a further simplification to isotropy is also made, the relation

4. A derivation of the equation in its presented form can be found in Bernard & Wallace (2002).
5. Bernard and Wallace (2002) presents evidence that the magnitude of this term is very small even in the presenceof 

large mean shear.
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(4.13)

holds. This final relation was conditionally evaluated and is presented, along with a compari-

son to results from Morris (2002) as Figure 4.27. The large difference between vortical and

non-vortical dissipation are clear from this figure. This result was expected since  is by def-

inition larger in vortical fluid. That the dissipation is not measured to be zero in non-vortical

fluid is a relic of the non-zero threshold and finite dwell time used to determine whether the

fluid at time t is vortical. These considerations were detailed in Section 3.3. 

It is of interest to know whether the values of  obtained by the above approximation are rea-

sonable. To assess this, the unconditioned dissipation was compared to four measures com-

puted in Morris (2002). This is shown in Figure 4.28. Note that the unconditioned isotropic

approximation of dissipation computed (see Equation 4.13) for the present work lies relatively

close to the isotropic approximation of Morris (2002). This agreement gives some confidence

that the conditional measures are reasonable.

4.5.2   Components of turbulent diffusion

The triple products of unconditioned and vortical fluctuating velocity are presented in

Figure 4.29 and Figure 4.30 respectively. These figures show a strong resemblance to one

another, with the major qualitative difference being the larger magnitudes of the vortical

value near the free-stream. The difference between vortical and unconditioned values is

shown in Figure 4.31. The larger magnitude in the vortical values near the free stream is intu-

itively reasonable--it is expected that terms characteristic of turbulent kinetic energy will be

larger in vortical fluid.

ε 3νωz
2=

ωz
2

ε
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The triple products of non-vortical fluctuating velocity are presented in Figure 4.32. Compar-

ison to Figure 4.30 reveals that the analogous products for the vortical condition are approxi-

mately half the magnitude of the non-vortical condition. This result, contrary to what might

be expected, is likely related to the “two-process” behavior proposed previously in light of

Figure 4.19. Under this hypothesis, the large values of these triple products are not the result

of what would be called true turbulent diffusion, but are instead the result of the non-vortical

ensemble being composed of fluid which originated from two sources of different velocity.
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FIGURE 4.1  Illustration of a conceptual view of the VSL proposed by Phillips (1972)
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FIGURE 4.2  Illustration of a nascent wedge increasing its positive curvature with respect to the 
non-vortical fluid.
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FIGURE 4.3  Probability density distribution of conditional duration in time, non-
dimensionalized by local Taylor microscale. The vertical lines in each distribution represent the 

mean value of each distribution.
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FIGURE 4.4  Probability density distribution of conditional duration in length, non-
dimensionalized by the momentum thickness at streamwise location . The vertical 

lines in each distribution represent the mean value of each distribution.
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FIGURE 4.5  Sample time series of streamwise component of velocity and intermittency. The 
measurement location is 

The vortical duration in time represented by the first two marked times is 0.050 s. The mean 
streamwise component of velocity during this time is 7.16 m/s. The vortical duration in space dur-
ing this time is therefore: 

(4.14)

The non-vortical duration in time represented by the second and third marked times is 0.048 s. 
The mean streamwise component of velocity during this time is 7.57 m/s. The non-vortical dura-
tion in space during this time is therefore: 

(4.15)
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FIGURE 4.6  Illustration of the rake of probes used to measure the angle of the VSL relative to the 
transverse direction. The front angle is given by .θ1 θ2+( ) 2⁄
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FIGURE 4.7  Timing scheme used in the algorithm to compute front angle. The pattern shown 
would be viewed as a rising edge.
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FIGURE 4.8  Probability density distribution of VSL angle for both rising (vortical to non-vortical) 
and falling (non-vortical to vortical) conditions.

FIGURE 4.9  Ratio of probabilities, P(rising)/P(falling). 
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FIGURE 4.10  Mean value, streamwise component of velocity. Data from Morris (2002) are shown 
for comparison.

FIGURE 4.11  Standard deviation, streamwise component of velocity, Data from Morris (2002) are 
shown for comparison.
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FIGURE 4.12  Standard deviation, transverse component of velocity. Data from Morris (2002) are 
shown for comparison.

FIGURE 4.13  Skewness, streamwise component of velocity. 
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FIGURE 4.14  Reynolds stress non-dimensionalized by square of free stream velocity.  Data from 
Morris (2002) are shown for comparison.

FIGURE 4.15  Mean value, streamwise component of velocity. Vortical, non-vortical and 
unconditional values. (The mean value of intermittency is presented on the upper axis for 

reference.)
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FIGURE 4.16  Mean value, transverse component of velocity. Vortical, non-vortical and 
unconditional values. (The mean value of intermittency is presented on the upper axis for 

reference.)

FIGURE 4.17  Standard deviation, streamwise component of velocity. Vortical, non-vortical and 
unconditional values. (The mean value of intermittency is presented on the upper axis for 

reference.)
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FIGURE 4.18  Standard deviation, transverse component of velocity. Vortical, non-vortical and 
unconditional values. (The mean value of intermittency is presented on the upper axis for 

reference.)
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FIGURE 4.19  Joint probability density distribution of fluctuating, non-vortical streamwise and 
transverse components of velocity at . Note that the solid black lines represent the 

unconditioned mean of streamwise and transverse velocity.
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FIGURE 4.20  Skewness, streamwise component of velocity. Vortical, non-vortical and 
unconditional values. (The mean value of intermittency is presented on the upper axis for 

reference.)
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FIGURE 4.21  Probability density distributions of streamwise component of velocity, vortical 
condition, at three transverse locations
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FIGURE 4.22  Mean shear across the shear layer. The derivative was computed by fitting the 
 streamwise velocity values with a piecewise polynomial spline, then differentiating 

that spline.

FIGURE 4.23  Reynolds stress non-dimensionalized by the product of standard deviations, also 

called the correlation coefficient (  ). Vortical, non-vortical and unconditional values. 
(The mean value of intermittency is presented on the upper axis for reference.)
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FIGURE 4.24  The Reynolds stress non-dimensionalized by the square of free-stream velocity 

( ). Vortical, non-vortical and unconditional values. (The mean value of intermittency is 

presented on the upper axis for reference.)

FIGURE 4.25  Model of non-vortical velocity fluctuations near the free stream--discredited by 
Figure 4.23’s communication of distinctly non-zero correlation coefficient in non-vortical velocity 

near the free stream. In this model, negative streamwise fluctuations would have been equally  
associated with both positive and negative transverse fluctuations.
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FIGURE 4.26  Conditional Autocorrelation of streamwise velocity component at five positions on 
the high-speed side of the shear layer.
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FIGURE 4.27  Dissipation, non-dimensionalized by momentum thickness divided by cube of free 
stream velocity. Vortical, non-vortical, and unconditioned values. The equation defining the 

approximation of  shown is Equation 4.13. 
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FIGURE 4.28  Unconditional dissipation, compared to values computed in Morris (2002).

Morris B is an isotropic measure:

(4.16)

Morris D, E, and G are all “semi-isotropic”:

(4.17)

(4.18)

(4.19)
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FIGURE 4.29  Triple products of fluctuating velocity, non-dimensionalized by cube of free-stream 
velocity, unconditioned

FIGURE 4.30  Triple products of fluctuating velocity, non-dimensionalized by cube of free-stream 
velocity, vortical
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FIGURE 4.31  Difference between vortical and unconditioned triple velocity products

FIGURE 4.32  Triple products of fluctuating velocity, non-dimensionalized by cube of free-stream 
velocity, non-vortical. (Note that the ordinate has twice the range of Figs. 4.29 and 4.30.)
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